Aims/hypothesis It has recently emerged that carrying a male fetus may be associated with poorer maternal beta cell function and an increased risk of gestational diabetes mellitus (GDM). Recognising that the overall impact of fetal sex on maternal glucose metabolism is likely to be subtle, we sought to perform a systematic review and meta-analysis of observational studies to obtain a robust estimate of the incremental maternal risk of GDM associated with the sex of the baby. Methods We searched PubMed and EMBASE to identify observational studies published between 1 January 1950 and 4 April 2015 that reported data on fetal sex and the prevalence of GDM. Two independent reviewers extracted the data and pooled estimates of the RR were calculated by a randomeffects model. We considered male fetus as the exposure and prevalence of GDM as the outcome of interest. Results We identified 320 studies through electronic searches and nine studies through manual searches. Twenty studies met the inclusion criteria, yielding data on 2,402,643 women. Pooled analysis of these studies demonstrated an increased risk of GDM in women carrying a male fetus compared with women carrying a female fetus (RR 1.04; 95% CI 1.02, 1.06). This result was confirmed in a sensitivity analysis including only studies that applied a stringent definition of GDM (RR 1.03; 95% CI 1.01, 1.06) (I 2 =0%, p=0.66). Conclusions/interpretation Pregnant women carrying a boy have a 4% higher relative risk of GDM than those carrying a girl. The fetus thus may have previously unsuspected effects on maternal glucose metabolism in pregnancy.
Introduction
The sex of a baby has been associated with the risk of adverse obstetrical outcomes at delivery. Indeed, carrying a male fetus confers increased risks of multiple adverse perinatal outcomes including premature rupture of membranes, pre-term delivery, failure to progress in the first and second stages of labour, nonreassuring fetal heart rate patterns, umbilical cord prolapse, true umbilical cord knot, Caesarean delivery and lower Apgar scores [1, 2] . However, it has traditionally not been suspected that the sex of the fetus could hold implications for maternal glucose metabolism.
Intriguingly, it was recently demonstrated that, when compared with those carrying a girl, women carrying a male fetus Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3726-1) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
have poorer pancreatic beta cell function in pregnancy, higher postprandial glycaemia and an elevated risk of gestational diabetes mellitus (GDM), independently of classical diabetes risk factors [3] . Furthermore, in women who develop GDM, the sex of the baby is a predictor of the mother's risk for early postpartum progression to type 2 diabetes after delivery [4] . Since the overall impact of fetal sex on maternal glucose metabolism is likely to be subtle, we reasoned that individual studies might not accurately estimate such a risk compared with comprehensive evaluation across multiple studies. Thus, we have conducted a systematic review and meta-analysis of observational studies to obtain a robust estimate of the incremental maternal risk of GDM associated with the sex of the baby.
Methods
Data sources and searches This systematic review and metaanalysis is reported in accordance with the Meta-Analysis of Observational Studies in Epidemiology guidelines [5] and is registered with the International Prospective Register of Systematic Reviews (PROSPERO, CRD42015017114). The researchers are experienced in meta-analysis studies [6] [7] [8] [9] .
We selected relevant studies published between 1 January 1950 and 4 April 2015 by searching Embase and PubMed databases. The following combined text and medical subject heading (MESH) terms were used: 'gestational diabetes' and 'fetal sex'. All potentially eligible studies were considered for review, regardless of the primary outcome or language. A manual search was also performed to include additional relevant articles, using the reference lists of key articles published in English.
Study selection Studies were considered eligible for inclusion if they presented original data for retrospective or prospective observational studies and reported fetal sex ratios for GDM. As diagnostic criteria for GDM can differ by jurisdiction, all definitions were included in this meta-analysis. Studies were excluded if there was no control group of women without GDM or if the study was restricted to specific patient populations (such as pre-term delivery, Caesarean delivery or multiple gestations only). Studies were also excluded if the diseasespecific fetal sex ratio could not be determined due to combined outcomes in which GDM was combined with pregestational diabetes (i.e. women with pre-existing diabetes were not included in the analysis).
Data extraction and quality assessment Two independent investigators (DJ, RR) reviewed study titles and abstracts. Studies that satisfied the inclusion criteria were retrieved for full text evaluation. Studies selected for detailed analysis by these two investigators had an agreement value (κ) of 96%.
Extracted data included clinical characteristics (ethnicity, length of gestation, pre-pregnancy BMI) and fetal sex ratio in women with and without GDM. In studies that reported data for both pre-term and term pregnancies or singleton and multiple-gestation pregnancies, data for pre-term and multiple-gestation pregnancies were excluded, if they were extractable. We emailed the authors of included studies with missing descriptive data and authors of excluded studies that we felt potentially may have an unpublished fetal sex ratio. We received many responses that provided additional descriptive data, while no new information on fetal sex ratios was received.
The Newcastle-Ottawa scale (NOS) was applied to assess the quality of the studies included in the meta-analysis [10] (electronic supplementary material [ESM] Table 1 ). This scale contains four items under the selection domain, one item under the comparability domain and three items under the outcome domain. A star system is used to enable semiquantitative assessment of study quality such that the highest quality studies are awarded one star per item, with the exception of the comparability domain in which the maximum score is two stars for its single item. As such, the NOS ranges from zero to nine stars [11] .
Data synthesis and analysis An overall RR was calculated to determine the risk for GDM among women carrying a male fetus in comparison with those carrying a female fetus. We calculated pooled estimates of the RR by using a randomeffects model (DerSimonian-Laird method) to adequately account for the additional uncertainty associated with studystudy variability. The Cochran Q test was used to evaluate heterogeneity between studies and a threshold p value <0.1 was considered as statistically significant [12] .
We explored heterogeneity between studies using two strategies. First, we re-ran the meta-analyses, removing each study one at a time to determine whether a particular study accounted for the heterogeneity. Then, in light of the variability of the diagnostic protocols and criteria that have been applied for identifying GDM in practice, we performed sensitivity analyses to evaluate the subgroup of studies that had the most stringent approaches to the diagnosis of GDM and so should therefore be the most likely to yield valid estimates. Specifically, we limited this sensitivity analysis to studies that applied the two-step approach to the diagnosis GDM (i.e. screening test followed by a diagnostic OGTT).
The possibility of publication bias was evaluated using a contour-enhanced funnel plot of effect size against the standard error for each trial. Funnel plot asymmetry was evaluated by Begg's and Egger's tests, with significant publication bias defined as a p value <0.1. The trim-and-fill computation was used to estimate the effect of publication bias [13] . All statistical analyses were performed using Stata software, version 11.0 (Stata Corporation, College Station, TX, USA).
Results
We identified 320 studies through electronic searches and nine studies through manual searches (Fig. 1 ). Of these, 263 were excluded on the basis of title and abstract, leaving 66 studies for full text evaluation. Based on the full text, a further 46 studies were excluded, 32 of which did not fulfil the inclusion criteria (i.e. matched the control group by fetal sex, included participants with pre-existing diabetes, had no control group or did not include original data). Thus, there was a total of 20 studies on fetal sex and maternal risk of GDM.
The 20 studies [1, 3, 4, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] that met inclusion criteria provide data on 2,402,643 women. A study from Retnakaran and Shah [4] evaluated the risk for GDM conferred by fetal sex in a first pregnancy and, in those women in whom it was applicable, the analogous risk in a second pregnancy such that, in the pooled analyses, the first and second pregnancies from this study were entered as two separate reports. Table 1 Table 2 shows the assessment of the included studies for possible bias using the Newcastle-Ottawa quality assessment scale for cohort studies. All studies achieved at least five stars, indicating overall general good study quality.
The pooled analysis of these 20 studies (n=2,402,643) demonstrated that women carrying a male fetus were at increased risk for GDM when compared with women carrying a female fetus (RR 1.04; 95% CI 1.02, 1.06) (Fig. 2) . There was significant heterogeneity between estimates (I 2 = 37.2%; p<0.05) and evidence of publication bias on Egger regression test (p=0.005) (ESM Fig. 1) . However, the trim-and-fill computation demonstrated that the publication bias did not change the results (RR 1.03; 95% CI 1.002, 1.07) and a sensitivity analysis including only high-quality reports achieving at least eight stars in the NOS confirmed the results while reducing the publication bias (p>0.05). In addition, our results were unchanged in the following sensitivity analyses: (1) including only the data of first pregnancies from Retnakaran et al [4] ; (2) excluding Retnakaran et al [4] from the analysis and (3) including only studies that evaluated more than 10,000 participants (n=10) (data not shown).
We further explored the heterogeneity between studies, performing the steps described earlier. We first re-ran the meta-analysis excluding each study one at a time in order to determine whether a particular study was responsible for the high heterogeneity. Individually, no single study fully explained the heterogeneity. Then, we performed a sensitivity analysis based on the stringency of the diagnostic approach for identifying GDM that was applied in the studies. In this analysis, we included only the seven studies [1, 3, 18, 25, [28] [29] [30] that used the two-step approach to diagnose GDM (i.e. screening test followed by an OGTT) that was recently recommended by the National Institutes of Health (NIH) Consensus Panel [31] . This analysis confirmed an increased risk for GDM in women carrying a male fetus (RR 1.03; 95% CI 1.01, 1.06) and eliminated the heterogeneity (I 2 =0%, p=0.66).
Discussion
In this study of over 2.4 million pregnancies, we demonstrate that women carrying a male fetus have a 4% higher relative risk of GDM, when compared with those carrying a girl. While the incremental increase in relative risk is modest in its overall magnitude, it holds implications for our understanding of maternal-fetal physiology. Notably, these data support the emerging concept of a bi-directional maternal-fetal metabolic interplay in which the mother and the fetus each influence the metabolism of the other. The differential obstetrical risks that have been linked with fetal sex to date are largely events at delivery that clearly involve the fetus in some way (e.g. failure to progress, nonreassuring fetal heart rate patterns, umbilical cord prolapse, Caesarean delivery, lower Apgar scores) [1, 2] . In contrast, GDM is a major maternal medical complication of pregnancy where current understanding of its pathophysiology does not necessarily implicate the fetus as a primary determinant. Specifically, GDM arises in women who have a chronic defect in pancreatic beta cell function that first becomes clinically apparent as an inability to sufficiently increase insulin secretion in response to the metabolic challenge posed by the severe insulin resistance of late pregnancy (resulting in the hyperglycaemia by which GDM is diagnosed) [32] . Although the mechanism Studies identified from initial search of EMBASE and PubMed (n=320)
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Studies on fetal sex and maternal risk of GDM (n=20) Fig. 1 Flow diagram of search to identify observational studies on fetal sex and maternal risk of GDM ACOG, American College of Obstetricians and Gynecologists; GCT, glucose challenge test; NDDG, National Diabetes Data Group underlying normal beta cell adaptation has not been fully elucidated, it is believed to involve placentally derived maternal hormones (including human placental lactogens and prolactin) acting through downstream mediators (including the transcription factor FoxMI, the serotonin synthetic enzyme Tph1 and the cell cycle regulator menin), ultimately leading to the expansion of beta cell mass and enhanced insulin secretion [33] . Importantly, it has recently emerged that, after adjustment for classical GDM risk factors (including age, ethnicity, BMI and family history of diabetes), the presence of a male fetus is independently associated with poorer maternal beta cell function [3] , thereby providing a potential mechanistic basis through which fetal sex could affect the likelihood of GDM. Another potential explanation for the enhanced risk of maternal GDM conferred by a male fetus could be related to sex-specific selection in utero [34] . As per this hypothesis, our data may indicate that female fetuses are more likely to undergo spontaneous abortion than male fetuses in the presence of poorer prepregnancy beta cell function. The significance of the link between fetal sex and maternal beta cell function was recently further supported by the observation that the sex of her baby is a predictor of a woman's risk of early postpartum progression to type 2 diabetes after a pregnancy complicated by GDM [4] . Indeed, the beta cell defect that leads to GDM is also responsible for the elevated lifetime risk of type 2 diabetes in affected women [32, 35, 36] . In this context, it is worth noting that women with GDM who deliver a girl have a higher risk of early postpartum progression to type 2 diabetes than those who deliver a boy, potentially reflecting a comparatively poor beta cell function in women who develop GDM while carrying a female fetus (i.e. since their beta cells were unable to compensate appropriately in pregnancy even without the adverse impact of a male fetus) [4] . Thus, fetal sex has implications for maternal risk of diabetes both during pregnancy (as shown in the current analysis) and after delivery.
A strength of this analysis is the large sample size (>2.4 million women), which enabled the determination of robust estimates of the maternal risk of GDM. A limitation is that we have pooled unadjusted estimates in this meta-analysis; thus, we did not account for other covariates possibly associated with GDM, such as maternal BMI and age. In this regard, it should be noted that the characteristics of the study populations in most of the studies did not differ when stratified by fetal sex, suggesting that the lack of adjustment for these covariates may be less relevant to our results. Another limitation is the presence Overall (I 2 =37.2%, p=0.045)
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Breschi et al [15] Clausen et al [16] Heckbert et al [20] 108,995 Increased risk Decreased risk RR Fig. 2 Meta-analysis of the association in women between carrying a male fetus vs female fetus and the risk of GDM. Weights are from random effects analysis of publication bias, which potentially could affect our results as there is a lack of published studies demonstrating lesser impact of fetal sex on the prevalence of GDM. However, the trim-andfill computation demonstrated that this potential bias did not affect the results and sensitivity analyses including only highquality reports confirmed our results while reducing the publication bias [37] . Thus, we believe that the publication bias does not mitigate the importance of our results.
The incremental increase in risk of GDM associated with carrying a male fetus is modest in overall magnitude, likely explaining how it has escaped recognition in clinical practice to date. Nevertheless, it could hold practice implications in settings where the screening of pregnant women for GDM is conducted on the basis of clinical risk factors, particularly since interaction has recently been demonstrated between a male fetus and two such factors-maternal age >35 years and non-white ethnicity [3] . In addition, in women with GDM, the sex of the baby could contribute to the prediction of maternal risk of early postpartum progression to type 2 diabetes [4] . Even more important are the biologic implications of this relationship, adding to a growing body of evidence supporting the concept of fetal influence on maternal physiology. This evidence base includes the observed genotype-dependent effects of fetal sex on maternal HbA 1c at delivery [38] and the recognition that women carrying a fetus with Beckwith-Wiedemann syndrome have a greater than twofold increase in their risk of developing gestational hypertension than when the same mothers carry non-affected siblings [39] . In this context, the current demonstration of an increased risk of GDM when carrying a boy emphasises the emerging concept of a bi-directional metabolic relationship between the mother and the fetus, a perspective that holds fundamental implications for both contemporary understanding and future study of maternal-fetal physiology.
In conclusion, pregnant women carrying a boy have a 4% higher relative risk of GDM than those carrying a girl. Although the relative risk increment is modest in magnitude, it speaks to an important biological relationship. Specifically, these data suggest that the fetus may have previously unsuspected effects on maternal glucose metabolism in pregnancy and that these effects should be further evaluated in future studies, including those with population registry data.
